Optimization of pretreatment conditions is one of the most important stages in the development of an efficient and economic pretreatment method. The traditional one-factor-ata-time approach is time consuming; moreover, the interactions between independent variables are not considered. Response surface methodology (RSM) is an effective optimization tool wherein many factors and their interactions affecting the response can be identified with fewer experimental trials than one-factor-at-a-time experiment. RSM has been widely used in various fields ranging from food process operations including extrusion (Altan et al., 2008; Jorge et al., 2006) , food product development, media composition in biotechnology to bioprocessing such as enzymatic hydrolysis and fermentation. Recently, RSM has been successfully applied to biomass pretreatment by many researchers (Canettieri et al., 2007; Kim & Mazza, 2008; Neureiter et al., 2002; Rahman et al., 2007; Xin & Saka, 2008) . Earlier extrusion pretreatment studies conducted by the authors yielded encouraging results and however, the extrusion factors including alkali concentration were not optimized. The following are the objectives of the present study: 1) to understand and optimize the effect of extruder parameters such as barrel temperature and screw speed, biomass particle size, and alkali (NaOH) concentration for maximum sugar recovery using RSM and adopting a central composite rotatable design (CCRD), and 2) to propose a mathematical model to predict glucose, xylose, and combined sugar recovery from corn stover.
Materials and methods

Experimental design
A central composite rotatable design (CCRD) with four independent variables was used to study the response pattern and to determine the optimum combination of temperature, screw speed, alkali concentration, and particle size for maximizing the sugar recovery from corn stover. The CCRD combines the vertices of the hypercube whose coordinates are given by a 2 n factorial design with star points. The star points provide the estimation of curvature of the nonlinear response surface. The experimental design was developed using Design Expert 7. 1.6 (2002) , which resulted in 30 runs, in addition 6 more center points were added to allow for the estimation of the pure error sum squares. The 36 experiments (16 factorial, 8 star, and 12 center points) were randomized to maximize the effects of unexplained variability in the observed responses due to extraneous factors. Independent variable levels were selected based on a previous and one-factor-at-a-time experiment. The independent variables were coded according to the following equation 
where x i and X i are the dimensionless and actual values of the independent variable i, X 0 is the actual value of the independent variable at the center point, and ΔX i is the step change of X i corresponding to a unit variation of the dimensionless value. The variables optimized included barrel temperature (45 to 225°C), screw speed (20 to 200 rpm), alkali concentration (0.5 to 2.5%), and particle size (2 to10 mm) each at five levels: -2, -1, 0, 1, and 2 and shown in Table 2 .
Biomass preparation
Corn stover obtained from a local farm was ground in a hammer mill (Speedy King, Winona Attrition Mill Co, MN) using 2, 4, 6, 8, and 10 mm sieves to understand the influence of particle size on sugar recovery. Compositional analysis of corn stover such as glucose, xylose, mannose, arabinose, lignin, and ash was done following Sluiter et al (2008a Sluiter et al ( , 2008b and reported in the mass balance diagram. Alkali (NaOH) solutions of different concentrations (0.5, 1.0, 1.5, 2.0, and 2.5 % w/v) were prepared. It was found that corn stover required nine times of solution than that of corn stover weight for complete soaking, which is equivalent to 10% solids loading rate. The different particle size of corn stover was soaked in different alkali concentrations as given in the experimental design for 30 min at room temperature. The black liquid was drained out using cheese cloth followed by manual squeezing to remove excess moisture. Moisture content of the biomass samples was determined as described by Sluiter et al (2008c) . The moisture content of alkali soaked samples was in the range of 75-78% wb.
Extrusion pretreatment
Extrusion was performed using a single screw extruder (Brabender Plasti-corder Extruder Model PL 2000, Hackensack, NJ), which had a barrel length to screw diameter ratio (l/d) of 20:1. In order to have a smooth biomass (plug) flow into the die section, the screw discharge end was fitted with conical metal piece. A screw with 3:1compression ratio was selected based on a previous study (Karunanithy & Muthukumarappan, 2010a) . The single screw extruder was fitted to a 7.5 hp motor, which had a provision to adjust the screw speed from 0 to 210 rpm. The extruder barrel had provisions to control the temperature of the feed and transition zone in both barrel and die section. The extruder barrel temperature and the screw speed were controlled by a computer connected to the extruder. Extruder feeding was done manually. Compressed air was supplied as a cooling agent along the barrel length.
Once the barrel temperature stabilized, about 500 g of biomass was extruded under each pretreatment condition, divided into two batches accounting for variations due to extruder operation, and considered replicates. The mean residence time varied between 30 and 90 sec depending upon the screw speed.
Enzymatic hydrolysis
Enzymatic hydrolysis of pretreated samples (0.3 g in 10 mL hydrolysis volume) was carried out using 0.1M, pH 4.8 sodium citrate buffer for 72 h at 50°C and 150 rpm as described by Selig et al (2008) . Based on the literature survey and earlier study, the amount of cellulase (Celluclast 1.5L, activity 70 FPU/g) enzyme was decided to be 15 FPU/g of dry matter. The ratio of cellulase to -glucosidase (Novo-188, activity 250 CBU/g) was maintained at 1:4 based on earlier study (Karunanithy & Muthukumarappan, 2010b) . All these enzymes were provided by Novozyme (Krogshoejvej, Denmark). After hydrolysis, the samples were kept in boiling water for 10 min to inactivate the enzyme action. The supernatant was centrifuged with 16060 g force (13000 rpm for 15 min) and then frozen twice before injecting into the HPLC to remove the impurities which contribute to the pressure increase in the HPLC system. Soluble sugar was quantified using HPLC (Agilent Technologies, Santa Clara, CA; Bio-Rad Aminex 87H column, Hercules, CA) with a mobile phase of 0.005M H 2 SO 4 at a flow rate of 0.6 mL/min at 65°C and a sample volume of 20 μL as mentioned by Sluiter et al (2008d) . The sugar concentration obtained from chromatogram was divided by dry weight of biomass taken for enzymatic hydrolysis in order to know the percentage of different sugars with respect to total biomass. Glucose and xylose are the major sugars present in the biomass as compared to arabinose. Instead of reporting arabinose separately, it was added www.intechopen.com with glucose and xylose and reported as combined sugar. The sugar recovery reported in this chapter was after enzymatic hydrolysis of the pretreated samples.
,% * 100
Where Y i -individual sugar recovery, % Y c -combined sugar recovery, % S ip -individual sugar obtained from hydrolyzate of pretreated samples through HPLC S ir -individual sugar from raw material
Statistical analysis
The second order polynomial equation was used to describe the effect of independent variables in terms of linear, quadratic, and interactions. The proposed model for the response (Y i ) was:
where Y i is the predicted response; b 0 is the interception coefficient; b i , b ii ,and b ij are linear, quadratic, and interaction terms; ε is the random error, and X i is the independent variables studied. Design Expert 7.1.6 software was used for regression and graphical analysis of the data obtained. Statistical analysis of the model was performed to evaluate the analysis of variance.
The quality of fit of second order equation was expressed by the coefficient of determination R 2 and its statistical significance ( = 0.05) was determined by the F test. The individual effect of each variable and also the effects of the interaction were determined. Optimization (maximizing sugar recovery) of the fitted polynomial was determined using numerical optimization contained in the Design Expert 7.1.6. After optimizing the pretreatment conditions using RSM, validation was done by extruding corn stover at two different optimum conditions of barrel temperature, screw speed, alkali concentration, and particle size from the numerical solution, depending on the particle size, due to availability of the standard sieve size.
Results and discussion
3.1 Solid loss and washing of the pretreated corn stover Many researchers (Dawson & Boopathy, 2007; Kaar & Holtzapple, 2000; Titgemeyer et al., 1996) have reported washing of the biomass with different medium after alkali pretreatment; however, it may not be necessary if the alkali concentration is low enough. According to Novozymes biomass kit, most of the enzymes have optimum activity between a pH of 4.5 to 6.5 at 45-70°C. When different biomasses soaked with different alkali concentration, the sample prepared for enzymatic hydrolysis (after adding citrate buffer, DI water, and enzymes) had a pH of 4.8 to 5.4, which is well within the range of Novozyme's recommendations. Depending upon the alkali concentration and particle size, a sugar recovery of 35-45% was recorded. However, the washed samples had lower sugar recovery (due to loss of sugar about 5-7%) than that of unwashed samples. Considering the solid loss (15%) and delignification (40%) during alkali soaking, the sugar recovery was calculated and shown in the mass balance diagram. The literature values of solid loss and delignification varied from 10.0-67.3 and 27.7-96.0%, respectively, depending upon the alkali usage and the pretreatment conditions employed on corn stover as listed in Table 1 . The reason for lower solid loss and delignification is due to room temperature when compared to most of methods mentioned in the table.
Effect of independent variables on sugar recoveries
The experimental glucose, xylose, and combined sugar recoveries from different treatment combinations are presented in Table 2 . The proposed quadratic models in terms of actual variables are given below for glucose (Y G ), xylose (Y X ), and combined sugar (Y C ) recovery, where X 1 , X 2 , X 3 , and X 4 represent barrel temperature (°C), screw speed (rpm), alkali concentration (% w/v), and particle size (mm) of corn stover, respectively. Similar equations were reported for acid hydrolysis of sugarcane bagasse (Neureiter et al., 2002) , oil palm empty fruit bunch (Rahman et al., 2007) , eucalyptus (Canettieri et al., 2007) , for concentrated acid pretreatment of pine wood (Miller & Hester, 2007 ) , acid catalyzed fractionation and enzymatic hydrolysis of flax shives (Kim & Mazza, 2008) , hot-compressed water pretreatment of Japanese beech hydrolysis (Xin & Saka, 2008) , and extrusion pretreatment of corn stover (Karunanithy & Muthukumarappan, 2011a) . Those equations predict the responses well with high R 2 and low probability values. 
The regression coefficient, standard error, F, and p values are shown in Table 3 . All the independent variables had a significant influence on sugar recoveries, as evident from their p values in Table 3 . All the independent variables had a positive influence on all the sugar recoveries, as evident from the proposed model equations. The magnitude of the terms indicates the order of influence on sugar recoveries i.e., alkali concentration, particle size, barrel temperature, and screw speed. Not only the linear terms of independent variables but also their quadratic terms contributed to glucose, xylose, and combined sugar recovery, as evident from equation 5 and 7. Again, the difference in magnitude of the quadratic terms explains which variable was dominant for sugar recoveries.
www.intechopen.com (135) 0(110) 0(1.5) 2(10) 68.3 69.3 -1.0 70.5 71.7 -1.2 69.7 71.0 -1.3 12 0 (135) 2(200) 0(1.5) 0(6) 67.9 68.2 -0.3 62.5 63.7 -1.2 65.8 66.6 -0.8 13 1 (180) 1(155) As mentioned earlier, alkali soaked samples had moisture content in the range of 75-78% (wb). Friction is the main mode of material conveyance in a single screw extruder (Yeh & Jaw, 1998) . Because water acts as lubricant in the extruder (Hayasi et al., 1992) , an increase in moisture content resulted in decrease in the friction between the material, screw shaft, and barrel ) resulted in less disturbance to cell wall of the corn stover. An increase in temperature and screw speed will introduce more energy to the material in the barrel, which would enhance the moisture evaporation at the exit (Yu et al., 2009) ; thereby, the disturbance to cell wall structure of the corn stover was high. An increase in corn stover particle size increased the glucose, xylose, and combined sugar recovery. Similar trends have been reported for corn stover pretreated with lime (Chang et al., 2001) , hot water (Zeng et al., 2007) and wheat straw pretreated in wet oxidation ( Pedersen & Meyer, 2009) . It has been reported that sugar yield was more pronounced for larger particles (0.42-1.00 mm) than smaller particles (0.05-0.15 mm) due to topological changes of biomass in lime, hot water, and wet oxidation pretreatment (Chang et al., 2001; Pedersen & Meyer, 2009; Teramoto et al., 2009 ). An increase of sugar yield with decrease in particle size was reported for corn stover pretreated in AFEX (Chundawat et al., 2007) and wheat straw irradiated with 500 kGy (Yang et al., 2008) . Kaar and Holtzapple (2000) found that particle size (<0.8-0.84 mm) had no effect on sugar yield from lime pretreatment of corn stover; more than 95% enzymatic hydrolysis yield was reported from SFEC pretreatment at 180/200ºC irrespective of eucalyptus flour size (<2 or < 5 mm) by Teramoto et al (2009) . Similarly Guo et al (2008) reported that feedstock size had no impact on the performance of dilute acid pretreatment at an input size below 1x 5 cm. Not only linear and quadratic terms but also interactions terms were contributed to sugar recoveries as evident from Table 3 and equations 5-7. In order to visualize the interaction effects for glucose recovery, significant interaction response surfaces are shown in Figure 1a f. As noted in the figure, all the possible interactions had a significant effect on glucose recovery. An increase in screw speed showed a clear negative trend on glucose recovery at low temperature, whereas the glucose recovery was same across screw speeds, as evident from the interaction of temperature with screw speed (Fig. 1a) . The glucose recovery of 92% can be achieved with the barrel temperature between 130-140°C along with 1.5-1.8% alkali concentration as seen from the interaction of the temperature and alkali concentration (Fig.  1b) . The effect of temperature was prominent with a larger particle size (8 mm) than that of a smaller particle (4 mm), as seen from their interaction surface plot (Fig.1c) . The glucose recovery increased with an increase in particle size regardless of barrel temperature as it was clear from their interaction. As noted from the dome shape surface plot that the maximum glucose recovery can be obtained at the barrel temperature between 130 to140°C. These results suggested that the temperature of 130-140°C would be sufficient to remove the moisture through vaporization; further increase in temperature may result in thermal softening of corn stover. The alkali interaction with screw speed indicated that the alkali concentration of 1.5 to 1.7% would be good enough to obtain a glucose recovery of 95%. An alkali concentration up to 1.7% increased glucose recovery, a further increase in concentration of alkali resulted in decrease on glucose recovery, as evident from the interaction of alkali concentration with screw speed (Fig. 1d ). The screw speed had a minimum effect on glucose recovery at a 1% alkali concentration; however, the screw speed effect was reversed at a 2% alkali concentration. The increase in screw speed showed a negative influence on glucose recovery www.intechopen.com 
(e) (f) Fig. 1 . Interaction effect of two independent variables on glucose recovery from corn stover (when other factors fixed at the center point: 135ºC, 110, rpm, 1.5% w/w, and 6 mm ) regardless of the particle size as seen from their interaction (Fig. 1e) . The particle size impact on glucose recovery was prominent at a lower screw (65 rpm) speed than that of higher screw speed, as observed in Fig. 1e . The glucose recovery increased with an increase in particle size as evident from the interaction of particle size with temperature or screw speed; however, when particle size interacting with alkali concentration, the glucose recovery increase was noticed till 7 mm only (Fig. 1f) . Again, the alkali concentration of 1.5-1.7% would give the maximum of 92% glucose recovery as seen from the alkali concentration interaction with particle size. These results showed that more than 90% glucose recovery was possible at a low screw speed, alkali concentration between 1.5 to 1.7% with particle size of 6-7 mm. Xylose response surface obtained for the significant interactions of the independent variables through model prediction are shown in Fig. 2a -e. Except screw speed interaction with particle size, all other interactions had an impact on xylose recovery from corn stover. The maximum xylose recovery was predicted at a low screw speed (65 rpm) and the barrel temperature between 130 and 140°C, as evident from the dome shape surface plot (Fig. 2a) .
The screw speed showed a prominent effect on xylose recovery at a lower screw speed (65 rpm) as compared to a higher screw speed (155 rpm) might be due to more residence time, as seen in Fig. 2a . As observed from the interaction of temperature with alkali concentration, an increase in alkali concentration and temperature had a positive influence on xylose recovery (Fig. 2b) . However, the xylose recovery increase was significant till 1.7% alkali concentration and the barrel temperature between 130 and 140°C. The interaction of temperature and particle size indicated that the increase in particle size up to 7 mm exhibited a direct relation with xylose recovery (Fig. 2c) . Again, this interaction confirmed that the barrel temperature of 130-140°C would result in a xylose recovery of 91%. Interaction of screw speed and alkali concentration for xylose recovery was similar to glucose recovery; alkali concentration had more prominent effect than that of screw speed. An increase in screw speed had a minimum effect on xylose recovery at an alkali concentration of 1%; however, its effect was clear at a 2% alkali concentration (Fig. 2d) . The xylose recovery increased with an increase in alkali concentration till 1.7% and then the increase was negligible as evident from the surface plot (Fig. 2e ). The effect of particle size on xylose recovery was similar across the alkali concentrations. The xylose recovery of 91% was predicted with alkali concentration of 1.7% regardless of the particle size. The barrel temperature of 130-150°C, low screw speed, 1.5 to 1.7% alkali concentration, and 6-7 mm corn stover particle size would result in a higher xylose recovery. The predicted combined sugar response surfaces for the interactions among the independent variables are depicted in Fig. 3a-f . It can be noted that all the possible interactions had contributed for the combined sugar recovery. In general, the screw speed had a negative effect on combined sugar recovery, whereas the particle size had a positive effect, and this trend was also observed in glucose and xylose recovery. This trend might be attributed to a high mean residence time at a low screw speed and a greater resistance offered by a larger particle. The barrel temperature and alkali concentration were somewhere middle of the range results in a higher combined sugar recovery as similar to glucose and xylose recovery. Since the combined sugar is the addition of glucose, xylose, and arabinose, arabinose is being small amount and followed the same trend. The combined sugar recovery of more than 93% was possible depending upon the interaction of independent variables, which was similar to glucose and xylose recoveries.
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Comparison of alkali soaking-extrusion results with other pretreatment methods
The maximum glucose (91.3%), xylose (86.5%), and combined sugar (92.0%) recovery was recorded for the treatment combination of 130°C, 110 rpm, 1.5% alkali concentration, and a 6 mm particle size. These pretreatment conditions differed from the maximum sugar recovery conditions (180°C, 155 rpm, 20% moisture content, and 8 mm) reported by Karunanithy and Muthukumarappan (2011b) . These authors reported a glucose, xylose, and combined sugar recovery of 88, 90, and 90%, respectively, for optimum pretreated corn stover with only extrusion. The results were comparable to each other, indicating that extrusion alone is good enough to obtain about 90% sugar recovery. This might be due to loss of hemicellulose during alkali soaking; otherwise, the sugar recovery would have reached a near quantitative. Recently, in another study authors (2010a) have reported about 90% sugar recoveries for the pretreatment conditions (150°C, 150 rpm, 4 mm corn stover particle size with a 15% moisture content using 3:1 screw compression ratio). This might be due to a difference in the pretreatment conditions employed and possibly sugar loss during alkali soaking. The present results were higher than the literature values for different biomasses. de Vrije et al (2002) reported 77% delignification, 69% glucose and 38% of xylose and arabinose conversion from a combined pretreatment of miscanthus in a twin screw extruder (100 rpm and 100°C) and alkali (NaOH 12% and 70°C). It is a fact that higher alkali concentration not only removes the lignin but also degrades the carbohydrates. Hence, the low sugar recovery reported for miscanthus might be due to degradation of carbohydrates and the inherent characteristics of biomass. The retention of carbohydrates depends on the feedstock composition as evident from the ammonia pretreatment of corn stover and poplar (Gupta et al., 2007) . Recently, Lee et al (2009) extruded Douglas fir using a twin screw extruder at 50 rpm and 40°C and reported cellulose to glucose conversion of 62.4% when ethylene glycol was added as a cellulose affinity additive. The difference in glucose recovery might be due to delignification, type of extruder, pretreatment conditions (as screw speed, temperature, and particle size), and the inherent characteristics of biomasses. Jung et al (1992) achieved 1.85, 1.73, and 1.58 times higher glucose, xylose, and arabinose recovery, respectively, when maize stalk was pretreated with 1M NaOH at 39°C for 24 h followed by 72 h in vitro degradability compared to control sample. These authors reported a delignification of 62% for the above pretreatment condition. A comprehensive comparison of various pretreatment methods employed on corn stover is listed in Table 4 . It could be observed from the table that dilute acid (Yan et al., 2009) , maleic acid (Lu & Mosier, 2008) , lactic and/ acetic acid (Xu et al., 2009) , controlled pH hot water (Mosier et al., 2005) , steam (Bura et al., 2009) , and steam explosion ) had comparable yield of this extrusion pretreatment. The present results were higher than dilute sulfuric acid Zhu et al., 2009 ), formic acid (Xu et al., 2009a) , soaking in ethanol and aqueous ammonia , and steam explosion (Mosier et al., 2005) ; however, it was lower than dilute acid (Zhu et al., 2005) , inorganic salt-FeCl 3 (Liu et al., 2009) , cellulose solvent and organic solvent based lignocelluloses fractionation (Zhu et al., 2009 ). It could be noted that the particle size of corn stover used in most of the pretreatment listed in the table was lower than the extrusion pretreatment, and the higher enzyme dose was employed. Moreover, extrusion has an added advantage as a continuous process, wherein additions of chemicals are easy as demonstrated by by Dale et al (1999) , de Vrije et al (2002) , and Lee et al (2009) . 
(e) (f) Fig. 3 . Interaction effect of two independent variables on combined sugar recovery from corn stover (when other factors fixed at the center point: 135ºC, 110, rpm, 1.5% w/w, and 6 mm)
Corn stover was subjected to several pretreatment methods such as dilute acid, alkali, wet oxidation, hot water, steam, steam explosion, ammonia recycle percolation, and AFEX as found in literature. Table 1 shows different alkalis employed on corn stover and their pretreatment conditions along with glucose and xylose recovery. Although large corn stover particles was used in the present study, the glucose and xylose recovery obtained in this study was comparable with most of the alkali pretreatments listed in the table. However, the result of present study was higher than the values reported for alkali (Varga et al., 2002) , wet oxidation (Varga et al., 2003) , aqueous ammonia soaking pretreatment , lime and alkali pretreatment ). Rodgers et al (2009) achieved higher glucose and xylose yield than the current study. The sugar recovery obtained in the present study was comparable with that of the 88-93% glucose reported for dilute acid pretreatment at 140°C with 0.98% H 2 SO 4 for 40 min (Lloyd & Wyman, 2005) , more than 95% glucose and 77% xylose from the dilute acid percolation process at 180°C with 1% acid (w/w) at a flow rate of 10 mL/min for 3 min, followed by N 2 through quenching (Zhu et al., 2004) . Varga et al (2002) obtained 95.7% glucose when corn stover was pretreated with 1% NaOH for a day followed by a 60 min autoclaving with 1% H 2 SO 4 . A similar result was reported from compressed hot water pretreatment of corn stover at 200°C with a flow rate of 10 mL/ min for 24 min (Liu & Wyman, 2005) . The difference in sugar recovery might be due to the mechanisms of different pretreatment methods, the pretreatment conditions employed, and the composition of raw corn stover.
Response surface model evaluation
The predicted and observed responses along with coded and actual variables are presented in Table 2 . The closeness of the predicted and observed responses reflects the goodness of fit. The analysis of variance of the observed data, p value ( = 0.05) and the coefficient of determination (R 2 ) of the regression model using CCRD are presented in Table 5 . The F value for the glucose, xylose, and combined sugar were very high compared to the tabular F 14, 21 value of 2.19 indicates that the model was highly significant. As noted from the table that the regression model was significant, whereas the lack of fit was not significant, suggested that proposed model is good. The fact that the coefficient of determination was also close to one reflects the adequacy of the model to represent relationship among the barrel temperature, screw speed, alkali concentration, and particle size on sugar recovery. However, a large value of R 2 does not always imply that the regression model is a good one because R 2 will increase when a variable is added regardless of whether the additional variable is statistically significant or not (Xin & Saka, 2008) . Hence, adjusted and predicted R 2 were calculated to check the model adequacy. The predicted determination coefficient was in reasonable agreement with the adjusted determination coefficient and it also confirms the fitness of the model. The proposed models explain more than 90% of the variations in sugar recoveries. Coefficient of variation (CV) is the ratio of standard error estimate to the mean values expressed as percentage and is another measure to evaluate the goodness of the model. As a general rule, the CV should not be greater than 10% (Cocharan & Cox, 1957; Linko et al., 1984; Vainionpaa & Malkki, 1987) . Considering the general rule, a low value of CV (2.68-3.20%) shows that the experiments conducted are precise and reliable. "Adeq Precision" measures the signal-tonoise ratio. The larger the ratio, better the prediction/optimization; in general, a ratio greater than 4 is desirable. The ratio of 38.69-57.38 indicates an adequate signal thus, the model can be used to navigate the design space (Liu et al., 2010) .
Optimization and validation
The interactions discussed in the previous section were for individual sugar recovery. Maximum glucose, xylose, and combined sugar recovery were the desirable responses considered for optimization. Hence, an overlay contour plots superimposing glucose, xylose, and combined sugar recovery responses were depicted in Fig. 4 . The shaded region gave wide range of options to select the barrel temperature (90-180°C), screw speed (50-155 rpm), alkali concentration (1.25-2.0%), and particle size (4-9 mm) for maximum glucose (80-95%), xylose (80-95%), and combined sugar (80-90%) recovery from corn stover. Based on the models, numerical optimization was carried out in Design Expert. Considering each response, three solutions were found as shown in Table 6 . In order to confirm the predicted responses, corn stover was extruded at a barrel temperature of 133°C, a screw speed of 85 rpm and 1.65% alkali concentration with two different particle sizes since the optimum particle size was 6.45 mm, which is in between 6 and 8 mm. The extruded samples (Fig. 5) were subjected to the enzymatic hydrolysis and sugar measurement as described in the Materials and Methods. The glucose, xylose, and combined sugar obtained were 91.8, 82.3, and 90.0%, respectively ; the values were very close to the predicted values; which was 5.0, 2.5, and 4.3 times higher than control sample. The sugar recovery comparison of control, alkali soaked, and alkali soaked -extruded corn stover is shown in Fig. 6 for better understanding. The alkali soaked corn stover had a double times sugar recovery of control, whereas the alkali soakedextrusion pretreated corn stover had double times that of alkali soaked corn stover as evident from Fig 6. A mass balance diagram is shown in Fig. 7 for better understanding Table 6 . Solutions for optimal and validation conditions (assumption a thumb rule is 50% of the glucose will be converted into ethanol during fermentation with an efficiency of 90%).This optimization study revealed that a larger p a r t i c l e s i z e ( 8 m m ) c o u l d b e u s e d f o r b i ofuels production; thereby the biomass size reduction energy cost can be saved to a greater extent. Although the optimum pretreatment condition differed from corn stover, similar sugar recovery was reported for switchgrass and prairie cord grass (Karunanithy & Muthukumarappan, 2011b , 2011c . The biomass digestibility depends on the specific types of phenolic acids that constitute the non-core lignin of lignocellulosic biomass (Jung & Deetz, 1993) . These phenolic acids are involved in the ester linkages between hemicellulose and lignin. The major non-core lignin phenolic acids are pcoumaric acid (CA) and ferulic acid (FA). According to Burritt et al (Burritt et al., 1984) and Jung (1989) , the ratio of CA to FA present in non-core lignin has a strong negative impact on biomass digestibility. The difference in alkali concentration might be attributed to their pcoumaric to ferulic acids ratio apart from lignin content. The glucose, xylose, and combined sugar recovery of 90.5, 81.5, and 88%, respectively, were reported for the optimum pretreatment conditions of 180°C barrel temperature, 118 rpm screw speed, 2% alkali concentration, and 6 mm switchgrass particle size. The optimum pretreatment conditions of 114°C barrel temperature, 122 rpm screw speed, 1.70% alkali concentration, and 8 mm particle size of prairie cord grass resulted in a glucose, xylose, and combined sugar recovery of 87, 85, and 82%, respectively. The difference in sugar recovery and optimum conditions might be attributed to the inherent nature of biomasses including their chemical compositions.
Byproducts formation
In general, furfural, HMF, and acetic acid are the fermentation inhibitors found in most of the pretreatment at different extent for various feedstocks as listed in Table 7 . Pretreatment temperature, residence time, and acid concentration are the important factors influence the degradation process; moreover the degradation is proportional to the pretreatment severities (Bustos et al., 2003; Hodge et al., 2008; Rodríguez et al., 2009; Sassner et al., 2008; Yu et al., 2010; Zeng et al., 2007) . When side chains of acetyl group present in hemicellulose are released, acetic acid is generated. Various researchers reported a range of 1.9-7.3% acetyl group for corn stover (Balan et al., 2009; Kim & Lee, 2005b; Torget et al., 1991; Weiss et al., 2009) . Acetic acid was the only byproduct found in most of the pretreated corn stover samples in the range of 0.060-0.168 g/L. The highest acetic acid (0.168 g/L) resulted at a 
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# furfural yield *g/100 g + loss of respective sugar slr-solids loading rate NR-not reported ND-not detected DM-dry matter Table 7 . Comparison of inhibitor formation from different feedstocks produced through various pretreatments barrel temperature of 135°C and a screw speed of 110 rpm, alkali concentration of 1.5% and a particle size of 6 mm. It was noticed that acetic acid concentration was 0.143 g/L for the optimized conditions (133°C, 85 rpm, 1.65%, and 8 mm). The acetic acid formation and its concentration confirmed that the deacetylzation process, however the concentration was below the inhibition limit (Taherzadeh et al., 1997) . The particle size of rice straw and silvergrass inversely influenced the acetic acid formation in dilute acid pretreatment (Guo et al., 2008) ; however, it was not confirmed in this study. The acetic acid concentration was lower than dilute acid Hodge et al., 2008) , formic acid (Xu et al., 2009a) , lime , alkali ), hydrothermal pretreatment (Öhgren et al., 2006; Lu et al., 2010) of corn stover; compared to other feedstocks listed in the table. NaOH has higher reactivity with hemicellulose than cellulose due to amorphous characteristics of hemicellulose (Lai, 2001 ). In addition, Gupta (2008) reported that minimum loss of hemicellulose is unavoidable for corn stover pretreated with dilute NaOH (1-5%) at 60°C for 24 h. However, the mild pretreatment condition (25°C, 1% NaOH, 24 h) minimized the sugar loss from corn stover (Gupta, 2008) .
No glycerol was found in any of the pretreatment combinations in contrary to the results reported by Karunanithy and Muthukumarappan (Karunanithy & Muthukumarappan, 2010c , 2011a , 2011b , 2011c , 2010a , 2010b .In addition, no furfural and HMF were found in any of the pretreated corn stover samples. The possible reason could be short residence time and no acidic conditions during pretreatment as compared most of the pretreatment methods listed in the table.
Conclusions
Corn stover was extruded using a single screw extruder at various conditions based on a central composite rotatable design to obtain maximum glucose, xylose, arabinose, and combined sugar recovery. Statistical analyses confirmed that extruder barrel temperature, screw speed, alkali concentration, and particle size had a significant effect on sugar recovery. Response surface methodology was adopted to optimize alkali concentration, corn stover particle size, and extruder parameters for maximum sugar recovery. The proposed quadratic model to predict the sugar recovery had high F and R 2 values with low p value represents an adequate relationship among the independent variables studied on sugar recovery from corn stover. It was found that under optimum condition such as barrel temperature of 133°C, screw speed of 85 rpm, alkali concentration of 1.65% w/v with 8 mm particle size, the glucose, xylose, and combined sugar recovery were 91.8, 82.3, and 90.1%, respectively, and also confirmed through validation. This optimization study revealed that larger corn stover particle (8 mm) can be used for biofuels production, which could result in saving of size reduction energy cost.
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